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Introduction
Functional brain imaging refers to the use of techniques to obtain images of the brain that are related to its physiology or biochemistry, rather than its structural anatomy. Two nuclear medicine-based approaches to functional brain imaging can be used to study the pediatric population, positron emission tomography (PET) and single-photon emission computed tomography (SPECT). Both will be reviewed in this chapter.
PET is a nuclear medicine technique for performing physiologic measurements in vivo. The PET scanner provides tomographic images of the distribution of positronemitting radiopharmaceuticals in the body. From these images, measurements such as regional cerebral blood flow (rCBF) and glucose metabolism can be obtained. PET has been widely used as a research tool to study normal brain function and the pathophysiology of neurologic and psychiatric disease in adults (Grafton and Mazziotta, 1992; Volkow and Fowler, 1992) . Its role in the management of patients with brain disorders is at an earlier stage and its use in children has been limited. Conceptually, PET consists of three components: (i) tracer compounds labeled with radioactive atoms that emit positrons; (ii) scanners that provide tomographic images of the concentration of positron-emitting radioactivity in the body; and (iii) mathematical models that describe the in vivo behavior of radiotracers and allow the physiologic process under study to be quantified from the images. The first tomographs for quantitative PET imaging were developed in the mid-1970s (Ter-Pogossian, 1992 . Subsequently, instrument design has become more sophisticated, with improved spatial resolution and sensitivity. Radiotracer techniques have been developed to study regional CBF and blood volume; glucose, oxygen, and protein metabolism; blood-brain barrier permeability; numerous neuroreceptor-neurotransmitter systems; tissue pH; and the concentration of radiolabeled drugs in brain.
SPECT is another nuclear medicine technique that provides tomographic images of radioactivity (George et al., 1991; Wyper, 1993; Green, 1996) . SPECT is simpler than PET because it uses radiopharmaceuticals labeled with conventional radionuclides such as technetium-99m ( 99m Tc);
however, it still has the same three components: radiotracers, scanners, and mathematical models. Its quantitative accuracy is less than that of PET and the range of radiopharmaceuticals for studying the brain is relatively limited; it has primarily been used to map cerebral perfusion. Improvements in instrumentation and radiopharmaceuticals are being actively pursued, especially in the development of radiotracers labeled with iodine-123 ( 123 I) to image neuroreceptors (Holman and Devous, 1992; Juni, 1994) , and there is a strong interest in clinical SPECT brain studies. This chapter will provide an overview of PET instrumentation, radiotracers, and mathematical modeling, emphasizing methods to measure cerebral hemodynamics and metabolism, and the most common applications. In addition, SPECT instrumentation and radiopharmaceuticals are described. The analysis and interpretation of functional brain images and special considerations for the pediatric age group are discussed. Methods for studying neurotransmitter systems are treated elsewhere in this volume (Chapter 2). An abbreviated lexicon of various terms used in nuclear medicine is provided in the glossary (p. 408).
Formation of the PET image
Certain radioactive atoms, such as oxygen-15 ( 15 O) or fluorine-18 ( 18 F), decay by the emission of a positron from the nucleus. Positrons are the "antimatter" particles to electrons; they have the same mass as electrons but are positively charged. After emission from the nucleus, positrons travel a variable distance in tissue, up to a few millimeters, losing kinetic energy. When almost at rest, they interact with atomic electrons, resulting in the "annihilation" of both particles. Their combined mass is converted into two high-energy (511 keV each) photons that travel in opposite directions from the annihilation site at the speed of light. Detection of these photon pairs is used to measure both the location and the amount of radioactivity in the field of view of the scanner. The two annihilation photons are detected by two opposing radiation detectors connected by an electronic coincidence circuit ( Fig. 1.1 ). This circuit records a decay event only when both detectors sense the almost simultaneous arrival of both photons (the time window for coincidence detection is typically 5-20 ns). The site of the decay event is, therefore, localized to the volume of space between the two detectors, although there is no information about the depth or location of the radioactive source within the volume between the two detectors.
In practice, several rings, each consisting of many radiation detectors, are used. Opposing detector pairs in each ring are connected by coincidence circuits. With each decay event, the two resulting annihilation photons are detected as a coincidence line; as a result, the number of coincidence lines sensed by any detector pair is proportional to the amount of radioactivity between them. A computer records the coincidence events from each ring. Tomographic images of the underlying distribution of radioactivity are then reconstructed with the same mathematical technique, referred to as filtered back-projection, that is used in conventional X-ray computed tomography (CT) (Hoffman and Phelps, 1986) . In addition to filtered back-projection, there are other approaches to image reconstruction. These require considerably more computational time and are used much less frequently.
The intensity of each point or pixel in the reconstructed PET image is proportional to the concentration of radioactivity at the corresponding location in the brain. For the calibration of the scanner to obtain absolute radioactivity measurements, a cylinder filled with a uniform solution of radioactivity is imaged. The radioactivity concentration of the solution is then measured with a calibrated well counter, and the scanner calibration factor is calculated to convert PET image counts (in units of cts/s per pixel) to units of radioactivity concentration (e.g., nCi/ml).
Limitations in image quality and quantification
A variety of physical effects, such as attenuation, deadtime losses, scatter, and random coincidences, affect the PET image and are corrected for as part of the image reconstruction process. Other factors such as image noise and spatial resolution also affect image quality and are important considerations in the design and interpretation of PET studies (Hoffman and Phelps, 1986; Karp et al., 1991; Daube-Witherspoon and Herscovitch, 1996) .
Attenuation correction
A key step in image reconstruction is correction for the absorption or attenuation of annihilation photons that occurs through their interactions with tissue (Bailey, 1998) . This substantially decreases the number of coincidence counts detected. Although the amount of attenuation can be estimated using an assumed value for the attenuating properties of tissue, actual measurements are more accurate. Before the administration of the radiotracer, a separate "transmission scan" is performed with a source of positronemitting radioactivity positioned between the subject's head and the detector rings. The outside source, filled with germanium-68/gallium-68 ( 68 Ge/ 68 Ga) radioactivity, is a ring or a rod that is rotated around the body. A similar measurement is made with nothing in the scanner field of view. The ratio of the two measurements gives the amount of attenuation between each detector pair and is used in the image reconstruction process to correct for attenuation. To respond to the demands of some protocols in which there is a long delay between radiotracer administration and subsequent emission scanning, techniques have been devised to calculate the attenuation correction using a transmission scan obtained after radiotracer administration, that is, with positron-emitting radioactivity still in the body (Carson et al., 1988) . This approach is particularly useful when using ( 18 F)-labeled deoxyglucose (FDG) to measure regional cerebral glucose metabolism (rCMRGlu; see below).
Image noise
The PET image has inherent statistical noise because of the random nature of radioactive decay. The disintegration rate of a radioactive sample undergoes moment-to-moment variation. The resultant uncertainty in measuring the amount of radioactivity decreases as the number of counts recorded increases. Similarly, the statistical reliability of a PET measurement depends on the number of counts. The situation is more complex, however, because the value of radioactivity in any small brain region is obtained from an image reconstructed from multiple views or projections of the radioactivity distribution throughout the entire brain slice. Therefore, the noise in any individual brain region is affected by noise in other brain regions and tends to be greater (Budinger et al., 1978) . Excessive noise gives the PET image a grainy, "salt and pepper" appearance and decreases the ability to quantitate radioactivity accurately. Image noise depends upon the number of counts collected, which in turn depends upon scanner sensitivity, the duration of the scan, and the concentration of radioactivity in the field of view. Scanner sensitivity (measured in units of (counts/s)/(Ci/ml)), is determined by its design features, such as the nature and arrangement of the radiation detectors. For example, the sensitivity is inversely proportional to the diameter of the detector rings. Although increasing scan duration increases counts, this is frequently not possible, either because of the short half-life of the radiotracer or because it would not be compatible with the tracer-kinetic mathematical model that is used. Administering more radioactivity increases counts, but this approach is limited by radiation safety considerations and also by the inability of tomographs to operate accurately at high count rates, that is by count rate performance.
Deadtime losses and random coincidences
Count rate performance refers to the level of radioactivity that can be accurately measured with a PET scanner. It is limited by deadtime loss and by random coincidences.
Deadtime loss is the decreasing ability of a scanner to register counts as the count rate increases because of the time required by the physical processes involved in handling each count. Deadtime loss originates from limitations of the electronic circuitry used to process information from the detectors and from the recovery time of the detectors themselves. Deadtime causes a reduction in measured coincidences as radioactivity increases in the field of view of the scanner. This reduction can be predicted for a given count rate and a correction factor can be applied. This correction, no matter how accurate, does not compensate for the loss in statistical accuracy of the image that occurs because fewer counts were actually collected.
Random coincidences also limit count rate performance. These occur when two photons from two different positron annihilations are sensed by a detector pair within the coincidence resolving time; as a result, a false or random coincidence count is collected. The fraction of total coincidences recorded that are random increases linearly with radioactivity. Random coincidences add noisy background to the image. Although corrections can be made that subtract an estimate of these false counts, the contribution to the image noise persists . Therefore, for any given tomograph, the amount of radioactivity administered must be carefully selected to balance the competing effects of improved counting statistics with the "diminishing returns" resulting from deadtime and random coincidences.
Scatter
Another source of background noise in the PET image is scatter. Scatter occurs when an annihilation photon traveling in tissue is deflected in a collision with an electron and its direction changes. This results in incorrect positioning of the coincidence line. Not only is information lost from the affected coincidence line but also a noisy background level is added to the image. This leads to an overestimation of radioactivity, especially in areas containing relatively less radioactivity, e.g., regions with low blood flow or metabolism. The amount of scatter in an image is a function of the distribution of radioactivity, the anatomy of the tissue scattering the photons, and the design of the scanner. It is necessary to correct for scatter because it can contribute up to 20% of the counts in an image. Methods have been developed to correct for scatter that vary in their complexity and effectiveness (Bergstrom et al., 1983; Hoffman and Phelps, 1986) .
Spatial resolution
A critical issue in interpreting PET (and SPECT) images is the concept of image resolution. Image resolution is the minimum distance by which two points of radioactivity must be separated to be perceived independently in the reconstructed image. Limited resolution, which is visually apparent as blurring of the image, has a major effect on the ability to quantify radioactivity accurately, especially in small structures (see below).
In PET, image resolution depends upon the accurate localization of positron-emitting nuclei. This is limited by the physics of positron annihilation and by detector design. Annihilation photons are produced only after the positron has traveled up to several millimeters from the nucleus. This limits the accuracy of localizing the nucleus. The distance the positron travels (positron range) varies and depends on the specific radionuclide and tissue density; it averages 1.2 mm for 18 F, 2.1 mm for 11 C. In addition, the angle between the two annihilation photons deviates slightly from 180°, causing a slight misplacement of the coincidence line (noncolinearity of the annihilation photons). These effects result in a 1-3 mm resolution loss (Phelps and Hoffman, 1976) and are larger when the detectors are farther apart, as in a body scanner compared with a head scanner. Detector size and shape determine how accurately the position of each coincidence line is recorded; smaller detectors provide better resolution. Resolution is measured by imaging a thin line source of positron-emitting radioactivity ( Fig. 1.2) . Because of limited resolution, the radioactivity in the source appears blurred or spread out over a large area; resolution is defined by the amount of spreading. The resolution of current scanners is about 4-5 mm in the image plane (de Grado et al., 1994; Wienhard et al., 1994) .
PET Instrumentation
A PET system consists of many components (Hoffman and Phelps, 1986; Council on Scientific Affairs, 1988; Koeppe and Hutchins, 1992) . Several rings of radiation detectors are mounted in a gantry. Each detector consists of a small scintillation crystal that gives off light when the energy of an annihilation photon is deposited in it. The detector is coupled to a photomultiplier tube that converts the light pulse to an electrical signal which is fed into the coincidence circuitry. Scanners have numerous rings, each containing up to several hundred detectors (de Grado et al., 1994; Wienhard et al., 1994) , with a tomographic slice provided by each ring. In addition, "cross-slices" halfway between the detector rings are derived from coincidences between detectors in adjacent rings. Therefore, 47 contiguous slices can be obtained simultaneously by a 24-ring system. To date, the most sophisticated scanners have 32 rings, which permit the acquisition of 63 slices. A dedicated computer is used to control the scanning process, collect the coincidence count information, and reconstruct and display the images.
During the scan, the subject lies on a special table that is fitted with a head holder to restrain head movement. The gantry has low-powered lasers that project lines onto the subject's head and aid in positioning. Some gantries can be tilted from the vertical to obtain slices in specific planes, for example parallel to the canthomeatal line.
A relatively recent, major advance in scanner design permits coincidence counts to be collected by opposing detectors that do not have to be in the same or adjacent rings (Spinks et al., 1992; de Grado et al., 1994; Bailey et al., 1998) . Because more coincidence lines are collected by this three-dimensional (3D) imaging approach, scanner sensitivity is substantially increased. This improves image quality or, alternatively, permits the same number of image counts to be obtained with less administered radioactivity. These factors are a great benefit in pediatric imaging, in which radiation exposure is a particular consideration. The disadvantages of 3D acquisition are an increase in the amount of scatter and contribution from radioactivity outside the field of view (i.e., from other parts of the body) to the counts seen by the detector rings. This can be more of a problem when scanning small pediatric subjects because the rest of the body is closer to the gantry than it is in adults.
Positron-emitting radiotracers
The second requirement for PET is a radiotracer of physiologic interest that is labeled with a positron-emitting radionuclide. A radiotracer can be a naturally occurring compound in which one of the atoms is replaced with its radioactive counterpart or it can be a labeled analog which behaves in vivo similarly to the natural substance. It can also be a synthetic substance, such as a radiolabeled drug, that interacts with a specific biologic system.
The positron-emitting nuclides most commonly used to label PET radiotracers are 15 15 O, 13 N, and 11 C is identical to that of their nonradioactive counterparts, which are basic constituents of living matter as well as of most drugs. Consequently, they can be incorporated into radiotracers with the same in vivo behavior as the corresponding nonradioactive compound. Fluorine-18 is used to substitute for hydrogen or hydroxyl groups to synthesize analogs with characteristics similar to those of the unsubstituted compound. Drugs that would normally contain fluorine can be synthesized as their 18 F-labeled counterparts. Relatively large Because of resolution limitations, the radioactivity in each source appears blurred or spread over a larger area (middle panel). Scanner resolution is defined by the amount of spreading that occurs. A plot of the image intensity along a line through the center of the images (lower panel) shows that this spreading approximates a bell-shaped or Gaussian curve. The width of this curve at one-half of its maximum height (termed the full width at half maximum, FWHM) is the measure of resolution. Here the resolution is 1.2 cm. Another interpretation of the FWHM is that it is the minimum distance by which two points of radioactivity must be separated to be independently perceived in the reconstructed image. (From Ter-Pogossian et al. 1975, with permission.) amounts of these radionuclides with short half-lives can be administered to provide good-quality images with acceptable radiation exposure because of their rapid decay. The short half-lives, especially of 15 O, permit repeat studies in the same subject in one experimental session because of the rapid physical decay after each administration. The disadvantage of these short half-lives is that the synthesis of PET radiotracers is demanding. On-site production of radionuclides by means of a cyclotron is required (Wolf and Schlyer, 1993) , and rapid techniques must be devised for radiotracer synthesis and quality control. These must yield products that are pure, sterile, and nontoxic. The tracer must have the appropriate properties to permit the desired physiologic measurement to be made (Kilbourn, 1991; Dannals et al., 1993) . Important factors include its permeability across the blood-brain barrier, the formation and fate of any radioactive metabolites, the ability to develop a mathematical model to describe the behavior of the tracer, and, for neuroreceptor ligands, the binding characteristics. Preclinical studies are typically performed, using tissue sampling or autoradiography in small animals and PET studies in large ones. The recent development of PET scanners designed to image small animals (e.g., rat), should facilitate the preclinical assessment of new PET tracers (Cherry et al., 1998) . A wide variety of positron-emitting radiopharmaceuticals has been synthesized (Table 1 .1) (Fowler and Wolf, 1991) .
Radiotracer modeling
A mathematical model is required to calculate the value of the physiologic variable of interest from measurements of 8 P. Herscovitch and M. Ernst radiotracer concentration in brain and blood. The model describes the in vivo behavior of the radiotracer, that is the relationship over time between the amount of tracer delivered to a brain region in its arterial input and the amount of tracer in the region. The use of models allows PET to be a quantitative physiological technique rather than only an imaging modality (Huang and Phelps, 1986; Carson, 1991 Carson, , 1996 . Compartmental models are typically used. It is assumed that there are entities called compartments that have uniform biologic properties and in which the tracer concentration is uniform at any instant in time. The compartments can be physical spaces such as the extravascular space, or biochemical entities such as neuroreceptor-binding sites. The model is described by one or more equations, that contain measurable terms (i.e., the brain and blood radiotracer concentrations over time) and unknowns such as blood flow or receptor concentration that are of interest. Several factors must be considered in developing a model. These include tracer transport across the blood-brain barrier, the behavior of the tracer in brain, the presence of labeled metabolites in blood, the potential for alterations in tracer behavior if there is pathology, and the ability to solve the model accurately for the unknown parameters. Error analysis and model validation are important. Error analysis consists of mathematical simulations to determine the sensitivity of the model to potential sources of measurement error. Validation experiments are usually performed to demonstrate that the method provides reproducible, accurate, and biologically meaningful measurements.
This chapter will describe the PET methods used to measure rCBF and cerebral blood volume (rCBV) and glucose and oxygen metabolism. Measurements of CBF glucose metabolism are widely used as indices of neuronal activity (see below). In addition, SPECT tracer methods for assessing cerebral perfusion will be discussed.
PET radiotracer techniques

Cerebral glucose metabolism
The measurement of rCMRGlu utilizes FDG. The approach is based on the technique used to measure rCMRGlu in laboratory animals with [ 14 C]-deoxyglucose and tissue autoradiography (Sokoloff et al., 1977) and adapted for PET by using 18 F as the label Reivich et al., 1979; Huang et al., 1980) . FDG is a glucose analog in which a hydroxyl group has been replaced with an 18 F atom. FDG is transported across the blood-brain barrier and is phosphorylated in tissue, as is glucose, by hexokinase to form FDG 6-phosphate (FDG-6-P). Because of its anomalous structure, however, FDG-6-P cannot proceed further along the glucose metabolic pathway. Also, there is little dephosphorylation of FDG-6-P back to FDG. As a result of this "metabolic trapping", there is negligible loss of FDG-6-P. This facilitates the calculation of rCMRGlu from measurements of local tissue radioactivity. Sokoloff's three-compartment model applied to FDG consists of plasma FDG in brain capillaries, free FDG in tissue, and FDG-6-P in tissue ( Fig. 1.3a) . Rate constants describe the movement of tracer between these compartments. An operational equation permits the calculation of rCMRGlu from the tissue radioactivity concentration, the arterial plasma concentration of FDG over time, and the plasma glucose concentration ( Fig.  1.3b ). The equation also contains the rate constants and a factor termed the lumped constant (LC). The LC corrects for the differences between glucose and FDG in blood-brain barrier transport and in phosphorylation. Neither the rate constants nor the LC can be routinely determined for each experimental subject or condition. It was found possible, however, to use standard values that can be determined once in separate groups of normal subjects.
To implement the method, images are obtained starting 30-45 min after intravenous injection of 5-10 mCi FDG. Blood is sampled to measure the concentrations of glucose and FDG in plasma over time. The operational equation with standard values for the rate constants and LC is used to generate images of rCMRGlu ( Fig. 1.4) . Typical normal values of rCMRGlu are 6-7 and 2.5-3 mg/min per g tissue in gray and white matter, respectively. (Sasaki et al., 1986; Hatazawa et al., 1988; Tyler et al., 1988; Camargo et al., 1992) .
Measurements of rCMRGlu with FDG reflect the state of the subject primarily during the first 10-20 min after tracer injection . This means that if a challenge is used, such as cognitive, motor, or pharmacologic activation, it must start slightly before FDG injection and continue for some time. If unwanted subject activity occurs during tracer uptake, such as anxiety or fidgeting, it will affect the results particularly if it occurs during the first 10-20 min.
The accuracy of using standard values for the rate constants and LC has been the subject of considerable discussion (Cunningham and Cremer, 1985; Baron et al., 1989) . Their values may change in the presence of pathology, and the use of incorrect values results in inaccurate rCMRGlu calculations (Sokoloff et al., 1977; Sokoloff, 1985) . Because the terms in the operational equation containing rate constants approach zero with increasing time (see Fig. 1.3b) , a delay of 30-45 min between FDG injection and PET imaging is used to minimize the error associated with using standard values. There can still be substantial error in the presence of cerebral ischemia or a tumor, however (Wienhard et al., 1985; Nakai et al., 1987; Graham et al., 1989) . Several investigators reformulated the operational equation to decrease its sensitivity to the rate constants and have refined the methods to measure them from sequential PET images (Brooks, 1982; Lammertsma et al., 1987) .
The LC is assumed to be uniform and constant throughout brain under normal physiologic conditions, based on theoretical arguments. Originally, the value for the LC in humans was selected so that the average whole brain CMRGlu measured with FDG would equal that determined by earlier investigators with the more invasive Kety-Schmidt technique . It is possible to measure the LC of whole human brain from the ratio of the brain arteriovenous extraction fraction of FDG to that of glucose (Reivich et al., 1985) . A recent study (Hasselbalch et al., 1998) (a) The Sokoloff three-compartment model used to measure rCMRGlu with DG. The compartments consist of DG in the plasma in brain capillaries, DG in brain tissue, and DG 6-phosphate (DG-6-P) in tissue. Rate constants describe the movement of tracer between compartments, two for the bidirectional transport of DG across the blood-brain barrier between plasma and tissue (k 1 *, k 2 *), and one for the phosphorylation of DG to DG-6-P (k 3 *). In the adaptation of this model to PET, FDG is used and a fourth rate constant, k 4 *, is added to account for the small amount of dephosphorylation of FDG-6-P back to FDG. (From Sokoloff, 1977 , with permission.) (b) The operational equation of the DG method. The equation in words aids in understanding the model. The terms that are measured are C(T), the tissue radioactivity concentration at time T, typically 30-45 min after DG administration; C p *(t), the plasma DG concentration over time; and C p , the plasma glucose concentration. The concentration of free DG in tissue at time T is calculated from [C p * (t)] and the rate constants. The difference between the two terms in the numerator is the concentration of DG-6-P that has been formed. The denominator equals the amount of DG delivered to tissue. Therefore, the ratio on the right-hand side is the fractional rate of phosphorylation of DG. Multiplying this ratio by C p would give the rate of glucose phosphorylation if DG and glucose had the same behavior. Because this is not the case, the lumped constant (LC) is included to account for the difference. The adaptation of this equation to PET using FDG is more complex because of the inclusion of a fourth rate constant, k 4 *. values of 0.42-0.52 used in earlier work. The LC does change in pathologic conditions such as acute cerebral ischemia, recent cerebral infarction, and brain tumor (Gjedde et al., 1985; Nakai et al., 1987; Spence et al., 1990; Greenberg et al., 1992) . Since calculated rCMRGlu is inversely proportional to the LC (see Fig. 1.3) , the use of an incorrect value leads to a corresponding error in the calculation. Consequently, it is necessary to redetermine both the LC and the rate constants to avoid such errors in pathologic conditions where there is a gross abnormality of tissue or an imbalance between glucose supply and demand. This is difficult and has been rarely done in PET studies.
An alternative approach to measure rCMRGlu uses [
11 C]-glucose, which is transported and metabolized in the same way as glucose (Blomqvist et al., 1990) . As a result, the compartmental model does not require a LC correction factor. A disadvantage is that the labeled metabolites of glucose, such as 11 CO 2 , are not all trapped in tissue and the model must account for their egress. [
11 C]-Glucose may be more widely used in the future, especially in pathologic conditions. For example, it has been recently used to measure cerebral glucose transport and metabolism in preterm infants (Powers et al., 1998) .
Cerebral blood volume
Measurement of rCBV uses trace amounts of 11 CO or C 15 O administered by inhalation (Grubb et al., 1978; Martin et al., 1987) . The tracer binds to hemoglobin and is confined to the intravascular space. Local radioactivity in brain is proportional to its red cell content; consequently, rCBV can be calculated from the ratio of the radioactivity in brain to that in peripheral blood. However, the hematocrit is less in brain than in peripheral large vessels owing to the behavior of blood in the brain microvasculature, and the ratio of cerebral hematocrit to peripheral hematocrit (R) must be incorporated into the calculation (Grubb et al., 1978; Lammertsma et al., 1984; Martin et al., 1987) . Equation (1.1), or a modification (Videen et al., 1987) , is used to calculate rCBV in units of milliliters per 100 g tissue, from the radiotracer concentrations in tissue (C t ) and blood (C bl ):
The use of C 15 O has practical advantages over 11 CO (Martin et al., 1987) . The 2 min half-life of 15 O permits other PET studies to be performed with little delay and lowers radiation exposure, and the synthesis is more convenient. Normal values for rCBV are 4-6 ml/100 g in gray matter and 2-3 ml/100 g in white matter (Lammertsma et al., 1983; Perlmutter et al., 1987) .
In cerebrovascular disease, rCBV reflects vasodilatation in response to decreased cerebral perfusion pressure, as may occur with a narrowed internal carotid artery (Powers, 1991; Heiss and Podreka, 1993) . Changes in rCBV can also be seen with elevated intracranial pressure (Grubb et al., 1975) . In addition, rCBV data may be required as part of other PET methods (e.g., the measurement of cerebral oxygen metabolism and extraction fraction or some neuroreceptor studies) to correct for radiotracer located in the intravascular space so as to determine the amount of radiotracer that actually enters tissue. Measurement of rCBV has recently been used to determine the vascular response to focal brain activation (Wang et al., 1998) .
Cerebral blood flow
Methods to measure rCBF with PET are based on a model developed by Kety to measure rCBF in laboratory animals (Kety, 1951; Landau et al., 1955) . The model describes inert tracers that can diffuse freely across the blood-brain barrier. The technique involves infusing a radioactive tracer over a brief time period T, often 1 min. Frequent timed blood samples are obtained during the infusion to determine the arterial time-radioactivity curve C a (t). The animal is then killed. Regional brain radioactivity at the end of the infusion, C t (T), is measured by quantitative tissue autoradiography. Tissue blood flow f (units of ml/min per 100 g) is calculated from these measurements using Eq. (1.2):
Where is the brain-blood partition coefficient for the tracer defined as the ratio between the tissue and blood radiotracer concentrations when they are in equilibrium. Its value can be determined from independent experiments or can be calculated as the ratio of the solubilities of the tracer in brain and blood (Kety, 1951; Herscovitch and Raichle, 1985) . Equation (1.2) is solved numerically for flow, using measured values for C t (T) and C a (t), and a specified value for .
Kety's method is the basis for methods to measure rCBF with PET. Although there are different approaches, they all involve administering a diffusible, positron-emitting radiotracer, blood sampling to determine the time-activity curve in arterial blood (typically from the radial artery), and the application of a modification of Eq. (1.2) to generate images of rCBF from PET images of radioactivity. The steady-state method was the earliest widely used PET method to measure rCBF (Subramanyam et al., 1978; Frackowiak et al., 1980 O 2 inhalation. A limitation is the nonlinear relationship between rCBF and tissue radioactivity, which increases the sensitivity of the CBF calculation to errors in measured tissue and blood radioactivity (Lammertsma et al., 1981; Baron et al., 1989) . Because of this, the long period required for CBF measurement, and the development of multislice scanners, the steadystate method has been largely supplanted.
Alternative approaches use bolus intravenous injections of H 2
15
O and an adaptation of Kety's equation. Equation (1.2) is not used directly because scanners cannot measure the instantaneous brain radiotracer concentration C t (T). It has been modified in different ways to allow for performance of the scans over many seconds, summing enough counts to obtain satisfactory images. With the PET/autoradiographic approach, H 2 15 O is administered by bolus intravenous injection, and a 40 s scan is obtained after the radiotracer arrives in the head Raichle et al., 1983) . The relationship between tissue counts and rCBF is almost linear and errors in measurement of tissue radioactivity result in approximately equivalent errors in calculated rCBF. Because the PET image obtained with a brief scan (1 min or less) closely reflects flow differences in different brain regions, useful information about relative CBF can be obtained without blood sampling. This approach is widely used in functional brain mapping experiments, in which H 2
O images are used to determine relative rCBF changes during neurobehavioral tasks (Frackowiak and Friston, 1994) . Average values for rCBF in normal subjects obtained with either the steadystate method (Leenders et al., 1990) or the PET/autoradiographic method Perlmutter et al., 1987) are 40-60 ml/min per 100 g in gray matter and 20-30 ml/per 100 g in white matter. There are other methods for measuring rCBF based on the Kety model. One approach involves collecting several sequential, brief images after bolus intravenous administration of tracer (Koeppe et al., 1985) . Parameter estimation techniques are used to estimate both rCBF and from the scan and blood radioactivity data. To simplify blood sampling for these H 2 15 O rCBF techniques, automated systems have been designed to withdraw arterial blood continuously past a radiation detector (Eriksson et al., 1988) . Methods using H 2
O assume that it is freely diffusible across the blood-brain barrier. However, there is a modest diffusion limitation, which results in an underestimation of rCBF at higher flows 
Cerebral oxygen metabolism
The regional cerebral metabolic rate of oxygen (rCMRO 2 ), which is more complex to obtain than cerebral glucose metabolism, is not widely used in research in pediatric disorders. It is measured using inhaled 15 (Subramanyam et al., 1978; Frackowiak et al., 1980) . Another, a companion to the PET/autoradiographic rCBF method, uses a brief inhalation of 15 O 2 (Mintun et al., 1984) . The principles underlying these methods are similar. Approximately 35-40% of the oxygen delivered to the brain is extracted and metabolized Leenders et al., 1990) . Both methods measure this oxygen extraction fraction (OEF). There are essentially no stores of oxygen in brain, and all extracted oxygen is metabolized. Therefore, rCMRO 2 can be determined from the product of OEF and the rate of oxygen delivery to brain, which equals rCBF multiplied by arterial oxygen content. The rOEF is computed from these scans and from measurements of blood radioactivity (Lammertsma et al., 1983 ). An alternative method for measuring rOEF and rCMRO 2 uses a brief inhalation of 15 O 2 (Mintun et al., 1984; Videen et al., 1987 (Mintun et al., 1984; Altman et al., 1991) . A different approach has been described to measure rCMRO 2 that involves dynamic scanning (i.e., obtaining multiple short scans over time) following only one brief inhalation of 15 O 2 (Ohta et al., 1992) . Average normal values for gray matter rCMRO 2 are 2.5-3.5 ml/min per 100 g Leenders et al., 1990 ).
Single photon emission computed tomography Principles
The radionuclides used in SPECT decay by emitting a single photon or gamma ray from their nucleus; radioactivity distribution is estimated by detection of gamma rays. The most commonly used SPECT systems have one or more gamma camera "heads" (Devous et al., 1986; George et al., 1991; Holman and Devous, 1992; Masdeu et al., 1994; Devous, 1995) . The gamma camera head has a large, relatively thin (e.g., 3/8 in by 12-20 in (0.96 cm by 30-50 cm) diameter) scintillation crystal of sodium iodide, which gives off a localized pulse of light when it absorbs a gamma ray. The front of the crystal is covered with a parallel-hole collimator, which is typically made up of lead perforated by an array of small hexagonal holes. The collimator limits the gamma rays that strike the crystal to those traveling along parallel lines perpendicular to the crystal face. An array of photomultiplier tubes and position logic circuits behind the crystal sense the light pulses and determine the location of each pulse in the crystal. This information is used to generate a planar image of the distribution of radioactivity in the body. In order to obtain tomographic images, the camera head is rotated around the body to obtain multiple views ( Fig. 1.5 ). These are combined to reconstruct tomographic images of the radioactivity distribution. To improve sensitivity, modern systems have two or three heads, mounted in a gantry, that surround the body and rotate together. Alternative SPECT designs, which are in limited use, employ either a circumferential array of small detectors or a single continuous cylindrical crystal that surrounds the patient (Holman et al., 1990) .
SPECT devices have a spatial resolution of about 15 mm with single heads, and 6-9 mm with multiple heads and different collimator designs. Sensitivity tends to be low, even with multiple head devices, because of the need for collimators; as a result, the imaging time is typically 20-30 min and radiotracers that provide a static unchanging distribution are typically used. Unlike PET, an accurate measured correction for attenuation is not convenient, and in some camera configurations is not possible at all. The methods currently used provide only an approximate attenuation correction (Bailey, 1998) , and thus limit the absolute quantification of regional radioactivity. Typically, radioactivity is not quantified in absolute terms, but rather the tomographic images are used to obtain information about the relative concentration of radioactivity in different regions. A major advantage is that single-headed cameras with SPECT capability are ubiquitous in nuclear . SPECT data acquisition with a gamma camera. The collimator and the thin sodium iodide crystal detector behind the collimator are shown. Gamma rays or photons pass through the parallel holes in the collimator to the crystal and are registered by photomultipliers and electronic circuitry behind the crystal. Some photons strike the collimator septa at an angle and are absorbed, while others escape the body away from the view of the camera head and are not detected. As the head rotates around the patient, images are collected at each scanning angle. Scan profiles from these images are used as input for the SPECT reconstruction algorithm to obtain tomographic images of the distribution of radioactivity in the body. (From Sorenson and Phelps, 1987, with permission.) medicine departments, and multi-headed systems have become more widespread. In addition, a cyclotron is not required to produce SPECT radiopharmaceuticals. The cost of SPECT instruments at the end of the 1990s ranges from $250 000 to $1 000 000, depending primarily upon the number of heads; in contrast PET scanners cost about $2 500 000 (and, additionally, the cyclotron needed to produce PET radionuclides itself costs about $1 500 000).
Radiotracer methods
Most SPECT brain studies are performed with radiopharmaceuticals that map CBF. Several radiopharmaceuticals are available for this purpose (George et al., 1991; Holman and Devous, 1992; van Heertum et al., 1993) . The most commonly used radiotracer strategy is based on the microsphere method, a technique used to measure local flow in experimental animals (Warner et al., 1987) . With that method, radioactive microspheres of a size appropriate to be trapped in capillaries are introduced into the left side of the animal's heart. They are distributed and trapped in tissue in proportion to flow and then local radioactivity is measured in samples of tissue. SPECT uses lipophilic radiotracers with microsphere-like behavior that are administered intravenously. Ideally they are freely diffusible across the blood-brain barrier and are completely extracted and retained by brain in a distribution that is proportional to local flow. The tracers have a stable distribution in the brain, facilitating imaging. Several SPECT perfusion agents are based on this principle, although their extraction or retention by brain is not complete (Gemmell et al., 1992 Tc]-ECD), is replacing HMPAO. ECD provides higher brain-to-background radioactivity ratios because of more rapid blood clearance and is more convenient to employ because of greater in vitro stability. Although there are methods to calculate absolute rCBF with these tracers that use arterial blood sampling and a tracer kinetic model (Greenberg et al., 1990; Murase et al., 1992) , they are rarely used. As a result, SPECT studies typically provide information about relative rCBF, not absolute rCBF.
SPECT studies are relatively easy to perform since the scanners are widely available and they do not require an inhouse cyclotron to produce the radiotracer. The distribution of radiotracer in brain reflects the blood flow during the first few minutes after injection of the tracer and remains relatively stable. Therefore, scanning can start up to 30 min after tracer injection and it is not necessary to inject the tracer while the subject is in the scanner. Repeat SPECT studies cannot be performed rapidly because the half-life of 99m Tc is 6 h, unless methods are used to subtract residual radioactivity. SPECT perfusion studies have been performed in the pediatric age group, and even in newborn infants (Borch and Greisen, 1997) . It is also possible to measure rCBV with SPECT using [ 99m Tc]-labeled red cells ; the approach is similar to that used for PET. However, there are no SPECT radiotracers to study cerebral metabolism.
Recently, there has been considerable progress in the development of receptor-binding ligands for SPECT, especially for dopamine and benzodiazepine receptors (Holman and Devous, 1992) and for dopamine reuptake transporters (Seibyl et al., 1996) (Table 1. 2). Iodine-123 is typically used to label these ligands. The techniques of tracer kinetic modeling described above are applied to analyze image and blood radioactivity data (Laruelle et al., 1994a,b) .
Data analysis
After a PET study has been completed, the relevant tracer model is applied to calculate the physiologic variable of interest. For the methods to measure cerebral hemodynamics and metabolism described above, the model is applied on a point-by-point basis and the intensity of the resultant image depends upon the local value of the physiologic measurement (see Fig. 1.4) . Although visual inspection of PET images may reveal abnormalities, quantitative analysis and appropriate statistical techniques are required for clinical research. Data reduction, analysis, and interpretation are very demanding. Newer scanners acquire up to 63 slices simultaneously, each containing data from many brain structures. Several scans of the same or different types may be obtained in one session, for example multiple rCBF scans, or rCBF and rCMRGlu scans, and subjects may have repeat studies on different days. The analysis of PET data is greatly facilitated by interactive computer programs. These programs permit regions of interest (ROIs) of arbitrary size and shape to be placed over different structures for which the physiologic variable is then computed. Also, whole-brain measurements can be obtained by averaging over several PET slices, or by using a template of ROIs to sample multiple brain regions.
PET measurements must be related to the underlying anatomy. Early approaches to data analysis used PET images obtained in standard planes, for example parallel to the canthomeatal line. The images were visually compared to corresponding anatomic sections in a brain atlas and the ROIs manually drawn. This method, however, is subjective and liable to observer bias. A refinement uses a template of standard regions to sample brain structures of interest, with visual adjustment to fit the template to the images. Alternative approaches have been developed that relate PET images to anatomy more accurately and objectively. A widely used approach uses the principles of stereotactic localization to establish a correspondence between brain areas or volumes in a stereotactic brain atlas and specific regions or pixels in the PET image (Fox et al., 1985; Friston et al., 1989) . Other methods are required if there are structural abnormalities. An approach widely used for both normal and abnormal brain is to obtain anatomic images with CT or MRI in the same planes as the PET slices. Methods to achieve this include head holders transferable between imaging modalities, fiducial markers affixed to the head, and, most conveniently, automated computer techniques to register and reslice PET and MR or CT images (Pelizzari et al., 1989; Wilson and Mountz, 1989; Evans et al., 1991; Woods et al., 1993; Ge et al., 1994) . After coplanar anatomic and PET images have been obtained, ROIs can be transferred between them. These automated techniques have also been used to register brain SPECT images with CT or MR images (Holman et al., 1991) .
A variety of sophisticated methods have been developed to extract information from functional brain images. One approach consists of calculating the relationship between CBF or metabolism in multiple pairs of brain regions (Horwitz et al., 1992) . A high degree of correlation or covariance between the activity in two brain regions is attributed to a high level of functional connectivity or coupling between them during a particular condition (Friston, 1994) . This implies that the regions work together, influence each other, or are affected in a similar fashion by a third region. In a refinement of this approach called path analysis, knowledge of the neuroanatomic connections between brain areas is included in the computation of interregional correlations, and functional networks consisting of several brain regions can be identified (McIntosh et al., 1994 ). An alternative group of approaches, including principle components analysis and scaled subprofile modeling, attempts to identify groups of regions that account for the variability in a dataset and which may be functionally related (Strother et al., 1995) .
The technique of statistical parametric mapping (SPM) has become a widely applied method. It is typically used to determine the difference, on a pixel-by-pixel basis, between sets of rCBF images obtained in different study conditions (Friston et al., 1991; Frackowiak and Friston, 1994; Acton and Friston, 1998) . This method basically consists of three steps. The first is image normalization in
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P. Herscovitch and M. Ernst which each pixel is mapped into the same stereotactic space; thus all pixels in the image set are transformed into a common reference brain in a 3D coordinate system. This permits the second step, that is averaging images obtained from different subjects studied during the same condition. This reduces image noise and facilitates the detection of significant differences between conditions. Because image noise in PET images is random, it decreases when images are averaged, while the rCBF pattern, which is consistent across subjects, remains. The final step is to perform statistical tests on a pixel-by-pixel basis between datasets to identify regions of significant rCBF change. The results are displayed as 3D maps or views of the reference brain in which pixels with a significant change in rCBF are highlighted. SPM was originally designed to determine the changes in local CBF measured with H 2 15 O in subjects studied during two or more different neurobehavioral tasks in functional brain mapping experiments. It can also be applied in a parametric analysis to see which brain regions covary in a systematic fashion with some parameter related to the performance of a cognitive, sensory, or motor task (e.g., the rate of hand movement). SPM has subsequently been applied to both H 2
15
O and FDG images in other types of study, for example before and after administration of a drug or to compare a group of patients with a control group. It has also been used to analyze perfusion images obtained with SPECT (Acton and Friston, 1998) .
There is variability in both regional and global PET measurements. The coefficient of variation (i.e., the ratio of the standard deviation to the mean value) for measurements of rCBF, rCMRGlu, and rCMRO 2 is 15-25% in groups of normal subjects Tyler et al., 1988; Camargo et al., 1992; Wang et al., 1994) , although the variability in repeat measurements in the same subject is less (Matthew et al., 1993) . This may reflect normal physiologic variation or methodologic inaccuracies. Approaches have been developed to facilitate detecting regional changes in spite of this variability. These adjust for the effect of global variations by "normalizing" regional data, thereby decreasing their variance. This can be done by dividing regional values by the global average value or by the value in a structure presumed to be minimally involved in the disease being studied. Such techniques, however, can result in a loss of the information contained in the absolute values, especially if widespread changes occur. If the denominator as well as the numerator differs between groups, erroneous conclusions may be drawn. For example, in a study of Alzheimer's disease (Cutler et al., 1985) , normalized rCMRGlu in thalamus was significantly increased because of a decrease in global metabolism. In other words, the metabolism in the thalamus may be relatively spared. Therefore, normalized PET data must be carefully interpreted. In spite of the variability of PET measurements, it is possible to demonstrate meaningful physiologic abnormalities with absolute data, for example in cerebrovascular disease (Powers, 1998) .
SPECT perfusion studies typically do not involve quantitation of absolute rCBF. Although the image intensity is proportional to flow, it also depends on the amount of tracer reaching the brain, which can vary between patients and even in the same patient because of variations in the peripheral circulation as well as body size. A normalization procedure is performed if regional tissue count data are to be averaged in a patient group or compared with data from normal subjects. This is accomplished by dividing the count data in individual ROIs by the average count value (Goldenberg et al., 1992) or by the value in the cerebellum, assuming that it is not involved in the disease process. There are potential ambiguities with this approach. For example, a region with the appearance of increased perfusion may actually have an elevated flow, but the finding may also reflect reduced flow in other brain regions (Wilson and Wyper, 1992) .
Data from control subjects are required to interpret PET or SPECT measurements obtained in patients. Quantitative data obtained in appropriately selected normal subjects are used. Depending on the nature of the study, selection criteria must control for variables such as age, gender, handedness, and condition of general health; in children, sexual and cognitive maturation must also be included. Average data from patients are statistically compared with the same regional measurements made in a group of normal control subjects. It is also possible to analyze regional data obtained in an individual patient, for example by determining whether they are outside the range of normal. In comparing measurements obtained from many brain regions, it is possible that some regions will be found to be significantly different by chance because of the large number of multiple comparisons being made. One approach to avoid this error, which is rather conservative, is to adjust the study p value (typically 0.05) by dividing it by the number of measurements being made (the Bonferroni correction).
One must also consider the possibility of a drift in measurements over years in the case of longitudinal studies, which have a special place in pediatric research. Usually, these changes over time caused by subtle changes in scanner performance can be corrected by covariance analysis. This stresses the importance of systematic and rigorous quality control of scanners and the interleaving of patients and controls over the duration of a study.
If visual analysis of SPECT and PET images is used, it requires a rigorous approach. SPECT images are frequently interpreted visually for abnormalities. The criteria for defining an abnormality are usually subjective, however, and further work must be done to define the sensitivity and specificity for detecting abnormalities (Juni, 1994; Stapleton et al., 1994) . In some SPECT studies, there is a clear definition of regional abnormality and scans are graded by agreement among two or more observers (Jacobs et al., 1994) , whereas other studies have used less careful methodology. This makes it difficult to compare different studies.
Interpretation of changes in cerebral blood flow and metabolism
Physiologic considerations
To interpret changes in PET and SPECT studies, it is necessary to understand the relationships among CBF, metabolism, and local neuronal activity, and the mechanisms by which CBF and metabolism can become abnormal.
Normally, about 30% of the brain's energy metabolism supports synaptic transmission, 30% residual ion fluxes and transport, and 40% other processes such as axoplasmic transport and macromolecular synthesis (Astrup et al., 1981) . In the resting state, the energy needs of the brain are met by the oxidative metabolism of glucose, and there is a proportional relationship, termed coupling, between rCBF and both rCMRO 2 and rCMRGlu (Sokoloff, 1981; Baron et al., 1984; Fox and Raichle, 1986; Fox et al., 1988) . During increased local neuronal activity, for example with somatosensory or visual stimulation, there are coupled or parallel increases in rCBF and rCMRGlu in the brain regions involved (Sokoloff, 1961; Leniger-Follert and Hossman, 1979; Toga and Collins, 1981; Yarowsky et al., 1983; Fox and Raichle, 1984; Ginsberg et al., 1987; Fox et al., 1988) . Within physiologic limits, these increases parallel the stimulus rate and the rate of neuronal firing. Most of the brain's additional glucose consumption during increased neuronal activity is used to maintain ionic gradients across cell membranes, which must be restored after depolarization (Yarowsky and Ingvar, 1981) . These observations form the basis for using measurements of rCBF and rCMRGlu as markers of local neuronal function (Raichle, 1987) . PET studies in humans have shown, however, that there is only a slight increase in rCMRO 2 during functional activation (Fox and Raichle, 1986; Fox et al., 1988) . This observation challenged the hypothesis that oxidative glucose metabolism or its products regulate the rCBF changes during neuronal activation. In fact, the processes responsible for coupling rCBF to rCMRGlu at rest and during activation remain to be elucidated (Lou et al., 1987; Raichle, 1991; Edvinsson et al., 1993b; Jueptner and Weiller, 1995) .
Various mechanism can lead to abnormalities of CBF and metabolism. Changes in neuronal activity can result in increases or decreases in local CBF and metabolism. Decreased neuronal activity in coma decreases CBF and metabolism (Obrist et al., 1984) , as can drugs and anesthetics that act on synapses or membranes to depress neuronal activity. Abnormalities in blood flow and metabolism in specific brain regions have been found in many neurologic and psychiatric diseases. These may reflect altered neuronal activity either in the area(s) of abnormality or in distant brain regions that project to the area(s). In many diseases, several brain areas are affected, implying an abnormality in underlying brain networks. Both acute and chronic administration of drugs have been shown to change rCBF and metabolism. These changes have been related to the action of the drug on a specific receptor system with a resulting change in activity.
Tissue damage or loss, either gross or through loss of neurons, can decrease flow and metabolism. In addition, coupled decreases in flow and metabolism can be seen in structures distant to a lesion. This phenomenon, called diaschisis, is attributed to a decrease in neuronal activity in a brain structure through loss of afferent projections from the damaged region (Feeney and Baron, 1986) . For example, decreased flow and metabolism can be seen in the cerebellum contralateral to a cerebral infarct. There are situations when flow and metabolism are not coupled, for example with changes in arterial blood gases (Edvinsson et al., 1993a) and in pathologic conditions such as cerebrovascular disease (Powers, 1988 (Powers, , 1991 Heiss and Podreka, 1993) or elevated intracranial pressure (Grubb et al., 1975) .
Effect of limited spatial resolution
Artifactual abnormalities of CBF and metabolism can be observed with PET or SPECT because of the limited spatial resolution of the imaging devices. Limited resolution results in blurring of PET and SPECT images (Fig. 1.6 ). More important is its effect on the accuracy of radioactivity measurement Mazziotta et al., 1981) . Because the radioactivity appears spread out over a larger area, a brain region in the image contains only a portion of the radioactivity that was in the corresponding brain structure. In addition, some of the radioactivity in surrounding structures appears to be spread into the region. Because of this effect, called partial volume averaging, a regional measurement contains a contribution from both the structure of interest and surrounding struc-tures. High radioactivity levels surrounded by lower values will be underestimated, while low radioactivity surrounded by high activity will be overestimated. These errors are less when the size of the structure of interest is large with respect to scanner resolution. In a circular, uniform structure with a diameter twice the resolution, the radioactivity concentration will be accurately represented in the center. However, statistical considerations limit obtaining a measurement with a very small ROI. In general, it is not possible to measure pure gray matter radioactivity, especially in thin cortical regions.
Partial volume averaging with cerebrospinal fluid in sulci or ventricles can lead to an underestimation of tissue blood flow and metabolism. If there is cerebral atrophy, PET and SPECT measurements will be further reduced because of partial volume averaging with enlarged, metabolically inactive, cerebrospinal fluid spaces (Herscovitch et al., 1986; Videen et al., 1988) . Beyond the border of a circumscribed region of decreased flow or metabolism, one would observe a gradual transition of the physiologic measurement to the value in surrounding normal tissue, also caused by partial volume averaging (Powers, 1988) . This gives rise to the false perception that the PET or SPECT "lesion" is larger than the actual abnormality. Recently, decreased CBF and metabolism in the subgenual prefrontal cortex in patients with familial depression was found to be associated with a focal reduction in gray matter volume of the affected cortical structure. This intriguing observation indicates that altered PET measurements can be found through partial volume averaging in conditions with an unsuspected anatomic abnormality (Drevets et al., 1997) .
Methods have been developed to correct for partial volume averaging and recover a more accurate radioactivity measurement from small brain structures (Meltzer et al., 1996) , and these should find increasing application. The contribution of partial volume effect is particularly
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Fig. 1.6. The effect of scanner resolution on the accuracy of images obtained. At the upper center is a simulated "ideal" PET image of regional radioactivity, reflecting the higher metabolic activity in gray matter. Subsequent images simulate the effect of obtaining this image with tomographs of varying spatial resolution, from 5 to 15 mm FWHM (full width at half maximum). Note the blurring or spreading out of radioactivity, with gray matter structures appearing paler. As a result, radioactivity in cortical and subcortical gray matter regions is underestimated. Similar considerations hold for SPECT images. (From Mazziotta et al., 1981, with permission.) important in the developing brain where size, shape, and homogeneity of structures vary with neural maturation (Giedd et al., 1996a, b; Rajapakse et al., 1996) .
Effect of patient motion
Head movement is particularly important when subjects are children who have trouble remaining immobile. Motion between the transmission and emission scans can lead to a mismatch in the attenuation correction factors. Motion during an emission can blur the image in a nonuniform manner and increase partial volume errors. Motion between scans obtained at rest and during performance of a task in a given subject can lead to artefactual differences between the scans being interpreted as activation. The relative impact of this blurring becomes greater as the resolution of the scanner improves. Head motion during brain scans can be reduced with a variety of head support or stabilization devices, but it cannot be entirely eliminated. Several methods of detecting and correcting for motion have been developed. One technique is based on radioactive fiducial markers that are used to align scans of short duration, which are then summed (Koeppe et al., 1991) . Another method employs the images of the brain themselves to estimate the corrections necessary to obtain maximum alignment of the serial images (Minoshima et al., 1992) .
Radiation exposure and technical issues in pediatric imaging
Radiation exposure
Although the short half-lives of PET radionuclides favourably affects the radiation exposure to subjects, this exposure is not negligible. Radiation exposure in the context of PET and SPECT is an important consideration when they are used for research rather than diagnostic purposes (Veatch, 1982; Huda and Scrimger, 1989) . Limits on radiation exposure to research subjects are set by regulatory bodies such as the US Food and Drug Administration and institutional radiation safety committees. The potential risks associated with low levels of radiation such as those received from PET are carcinogenesis and genetic effects in future generations (Brill, 1987) . Although the risk is very low (for review, see Ernst et al., 1998) , it is agreed that the least amount of radiotracer necessary to perform an adequate PET study should be administered.
Methods have been developed to determine radiation exposure from internally administered radiopharmaceuticals (Cloutier and Watson, 1987; Loevinger et al., 1988; Kassis, 1992) . The distribution of the radiotracer in the body is first determined as a function of time following its administration. This information can be calculated using physiologic models of in vivo tracer behavior, extrapolated from measurements in animals, or measured in a small group of human subjects. Then the radiation exposure to each organ is calculated using a model of the body that simulates the size, shape, and properties of body organs. Appropriate models have been designed for the pediatric age group, including the neonate.
Regulations in the USA typically restrict radiation exposure in minors participating in research studies to onetenth that allowed in adults. The use of newer, 3D PET scanners has improved the situation with regard to radiation exposure in pediatric PET studies. Because of the greater sensitivity of these scanners, it is possible to administer smaller doses of radiotracer and maintain image quality. In addition, in some cases specific strategies can be employed to reduce radiation exposure. For example, in FDG studies one can have the subject void after the 30-45 min uptake period rather than after the completion of emission scanning, to reduce radiation exposure to the urinary bladder, the organ that receives the greatest radiation exposure (Zametkin et al., 1993 ) (see Chapter 6).
Technical issues
Clinical research with PET is more complex in the pediatric age group than in adults for several reasons.
Measurement of radioactivity in arterial blood is typically required to perform truly quantitative studies. In the adult, arterial catheters can routinely be inserted purely for research purposes (Lockwood, 1985) , but this is a major obstacle in minors. In sick infants, arterial samples have been obtained from catheters previously placed for intensive care purposes (Volpe et al., 1983) . There are alternatives, however. For FDG studies, venous sampling can be performed from a hand heated to 44°C to "arterialize" venous blood ; this does require cooperation from the subject. With certain PET tracer techniques, the image of local radioactivity is approximately proportional to the underlying physiologic variable, for example rCBF with a bolus intravenous injection of H 2
15
O, or rCMRGlu with FDG. With appropriate data analysis strategies, information about regional abnormalities can be obtained without blood sampling.
A novel approach to obtaining the arterial time-radioactivity curve involves imaging the heart after injection of tracer. Multiple brief scans are obtained, and the blood curve is measured using an ROI placed over the left ventricle. This approach was originally applied to PET studies of the heart, where both the heart chamber and the tissue of interest (the myocardium) are simultaneously in the field of view of the scanner (Weinberg et al., 1988; Bergmann et al., 1989; Iida et al., 1992) . It can also be used with certain radiotracer techniques that are used to study the brain, for example with FDG or [
11 C]-␣-methyltryptophan (Muzik et al., 1998) , for which there is a prolonged tracer uptake period that is followed by emission imaging of the brain. During a PET scan, it is necessary to prevent head movement. In cooperative adults, this is accomplished by means of a specially designed headholder affixed to the scanner couch. Children may find this difficult to tolerate. For the FDG method, it is possible to sedate the subject for the emission image after the 30-45 min tracer uptake period, because the tracer distribution in brain has already been established. Also, for scans that require prolonged imaging, it is possible to collect the data in multiple brief scans that can be spatially registered to each other to correct for head movement.
Although normal adults are frequently scanned to obtain control data for comparison with patient data, it is usually difficult to scan normal children in PET or SPECT studies because of ethical considerations (Chapter 6). Depending upon the research question, some studies do not require control data (e.g., Altman et al., 1989; Perlman and Altman, 1992) . For studies that require normal control data, a suboptimal approach can be used: the control group can include retrospectively selected children who had been scanned for appropriate clinical research indications, such as a neurologic event thought not to affect brain development or diagnostic evaluation for a neurologic disease that is ultimately excluded (Chugani and Phelps, 1991; Bentourkia et al., 1998; van Bogeart et al., 1998) . Another strategy is to enroll healthy siblings of children affected by the condition being studied because the siblings have the possibility of indirect benefit from increased knowledge of the condition. The issue of studying normal children is discussed further in Chapter 6. 
